Previous studies investigating cancer cells cultured at acidic pH have shown that the expression level of ~700 genes were more than two-fold higher than those of the cells cultured in alkaline medium at pH 7.5. The aim of the present study was to confirm whether these acidosis-induced genes are expressed in human cancer tissues. Therefore, 7 genes were selected from our previous study, which encoded interleukin 32 (IL-32), lysosomal H + transporting ATPase, V0 subunit d2 (ATP6V0D2), tumor necrosis factor receptor superfamily, member 9 (TNFRSF9), amphiregulin, schwannoma-derived growth factor (AREG), v-erb-b2 erythroblastic leukemia viral oncogene homolog 3 (ErbB3), PRR5-ARHGAP8 (LOC553158) and dimethylglycine dehydrogenase (DMGDH), and their expression was examined in human clinical specimens from patients with cancer. In addition, the expression of the gene encoding manganese superoxide dismutase (MnSOD) was examined. The specimens from patients with colon, stomach and renal cancer showed increased MnSOD, IL-32, and TNFRSF9 transcripts compared to those from non-tumorous regions of the same patients. Notably, an elevated expression of ATP6V0D2 was found in the specimens from patients with stomach cancer, whereas the expression was decreased in those from patients with colon and renal cancer. The expression of LOC553158 was upregulated in colon and stomach cancer specimens. These results indicate that the investigation of gene expression under acidic conditions is useful for the development of novel cancer markers and/or chemotherapeutic targets.
Introduction
In the central regions of solid tumors, the extracellular pH falls below pH 6.5 as a consequence of lactate accumulation, which is caused by hypoxic conditions produced by a lack of sufficient vascularization (1, 2) or an increase in tumor-specific glycolysis combined with impaired mitochondrial oxidative phosphorylation (3) . Organ functions may be strongly affected by the disruption of the pH homeostasis as all the organs contain a large number of enzymes with pH-sensitive catalytic activity. Therefore, it can be argued that alternative metabolic processes are activated under acidic conditions to compensate for the decline in processes functioning at alkaline pH.
When various metabolic processes are working under different pH conditions, the efficacy of a number of inhibitors under acidic conditions may be different to those observed in conventional alkaline media. Impaired efficacy of paclitaxel, mitoxantrone and topotecan has been previously reported at pH 6.5 as compared to their efficacy at pH 7.4 in murine EMT6 and human MGH-U1 cells (4) , and acidic conditions induced daunorubicin resistance by increasing the activity of p-glycoprotein via p38 activation in rat prostate cancer cells (5) .
Malignant pleural mesothelioma is an aggressive tumor associated with asbestos exposure, and its prognosis is extremely poor (6) . Mesothelioma shows resistance against numerous chemotherapeutic reagents (7) . Our previous study found that statins inhibited the proliferation of mesothelioma cells strongly in an acidic medium with a pH that was close to the pH of an area of cancer in vivo (8) . Statins, which are inhibitors of mevalonate synthesis, are prescribed for hyperlipidemia as the inhibition of mevalonate synthesis reduces blood cholesterol levels. However, the anti-cancer activity of statins has not been demonstrated in vitro. Recently, clinical studies have revealed that stains are effective at attenuating the growth of cancer cells in vivo (9, 10) , in agreement with our previous in vitro observations at acidic pH (8) . A previous study has shown that the anticancer activity is caused by the inhibition of geranylgeranyl diphosphate, derived from mevalonate, indicated that the function of certain geranylgeranylated proteins is essential for cell proliferation under acidic conditions (8, 11) . In addition to the investigations with inhibitors, our previous studies found that different signal transduction pathways function under acidic environments (12, 13) , and that C-Terminus protein of IκB-β, which is an IκB-β variant, acted as a critical transcriptional regulatory factor at pH 6.3 only, and not at pH 7.4 (14, 15) .
These previous findings indicate that numerous proteins are functioning preferentially under low pH conditions. DNA array analysis showed that the expression of ~700 genes was elevated more than two-fold in mesothelioma cells under acidic conditions compared to in cells cultured in an alkaline medium (16) . Numerous genes were also found to be strongly expressed in breast cancer cells cultured in an acidic medium (17) . These gene products may be good candidate therapeutic targets and/or diagnostic markers of cancers. In the present study, the aim was to confirm whether or not the genes with an increased expression in cancer cells cultured in acidic medium are expressed in human cancer nests. A total of 8 genes with an increased expression in mesothelioma cells cultured under acidic conditions were selected and the expression was examined in human specimens from patients with cancer. The expression of the selected genes was demonstrated to be higher in numerous human cancer specimens compared to those in the specimens prepared from the surrounding normal areas.
Materials and methods
Human specimens from patients. Human tumor and the corresponding non-tumorous tissues were obtained from the Chiba Cancer Center Tissue Bank (Chiba, Japan) and used in the study with permission from the Institutional Ethical Committees of Chiba Cancer Center and Chiba University.
RNA extraction from human specimens. The human tissues that were stored at -80˚C were mixed with ice-cold TRI reagent (Sigma-Aldrich, St. Louis, MO, USA). After 1 min on ice, the human tissues were homogenized on ice with a homogenizer until the pellets were broken and cell lysis was completed. Total RNA was isolated from the lysate according to the manufacturer's instructions for the TRI reagent.
Quantitative polymerase chain reaction (qPCR). Total RNA (1 µg), prepared as described above, was reverse-transcribed using ReverTra Ace (Toyobo Co., Ltd., Osaka, Japan) in a total volume of 20 µl containing the random primer for 18S rRNA or the polyT primer for the targeted genes. qPCR amplification was performed with an ABI Prism 7000 Sequence Detection System (Applied Biosystems, Foster City, CA, USA) using the FastStart Universal SYBR Green Master (Rox) (Roche Diagnostics, Basel, Switzerland) according to the manufacturer's instructions. The PCR reaction was carried out with a mixture containing 12.5 µl PCR Master, 7.5 µM of each sense and antisense primer, 25 ng cDNA, and nuclease-free water in a total volume of 25 µl. The standard thermal profile for PCR amplification was 50˚C for 2 min, 95˚C for 10 min and 40 cycles of 95˚C for 15 sec and 60˚C for 60 sec. The primers used are shown in Table I .
A previous study has reported that the content of ribosomes per cell is ~4x10 6 (18) , and the amount of mRNA per cell can be estimated using 18S rRNA as a control RNA with the following equation, in which Ct is the threshold cycle number:
Results

Quantification of mRNA levels in human cancer specimens.
Our previous study showed that the expression of 58 genes was elevated more than three-fold in mesothelioma cells cultured for 24 h in an acidic medium (16) . The 58 genes are listed in Table II . Seven genes were selected of the 58 genes with various functions, which were interleukin 32 (IL-32), lysosomal H + transporting ATPase, V0 subunit d2 (ATP6V0D2), tumor necrosis factor receptor superfamily, member 9 (TNFRSF9), amphiregulin, schwannoma-derived growth factor (AREG), v-erb-b2 erythroblastic leukemia viral oncogene homolog 3 (ErbB3), PRR5-ARHGAP8 (LOC553158) and dimethylglycine dehydrogenase (DMGDH), and the expression of these genes was examined in human cancer specimens. In addition, the expression of the gene encoding manganese superoxide dismutase (MnSOD) was examined as MnSOD has been reported to participate in gastric and colorectal tumor metastasis (19, 20) , although the expression of MnSOD at acidic pH was 1.6-fold in mesothelioma cells. The selected genes are shown in Table II .
One problem in the measurement of mRNA using qPCR was determining which was useful as a control RNA. Thus far, a reference gene, such as GAPDH, has generally been used in studies. There are no previous data to show that the expression of such reference genes is stable at acidic pH, particularly in human cancer nests. The amount of 18S rRNA was constant in mesothelioma cells at acidic and alkaline pH (data not shown). The amount of 18S rRNA in total RNA isolated from human cancer specimens was measured, with the results demonstrating that the content of 18S rRNA was constant in all the cancer specimens (Table III) . The amount of 18S rRNA was slightly higher in normal areas, but the difference was <2-fold. These data indicated that 18S rRNA was suitable for use as Expression ratio in cells cultured at pH 6.7 for 24 h compared to pH 7.5; b percent ratio of the mRNA level to the level of 18S rRNA at pH 6.7; c selected genes.
control RNA. The Ct value shown in Table III was similar to that observed in cells cultured in vitro (data not shown), suggesting that the ribosome content per cell is constant even when the activity of protein synthesis varies. As one cell was reported to have ~4x10 6 ribosomes (18), the approximate copy number of mRNA can be calculated using this number. The mRNA level of GAPDH estimated using 18S rRNA as a control RNA decreased slightly at acidic pH in mesothelioma cells (Table II) .
Expression levels of selected genes in human cancers.
Specimens from patients with lung, colon, stomach, liver and renal cancer in the Chiba Cancer Center Tissue Bank were available for the study. The homogenates of specimens from patients with lung cancer were not used due to a huge amount of skeletal material, so the measurement of gene expression was not assessed. Therefore, the expression of 8 selected genes was examined in the specimens from patients with colon, stomach, liver and renal cancer.
The specimens from the colon, stomach and renal cancer tissues showed increased MnSOD, IL-32 and TNFRSF9 transcripts compared to those from the non-tumorous regions of the same patients (Fig. 1 ). Increased expression of AREG was found in colon and renal cancer specimens (Fig. 1) . Notably, an elevated expression of ATP6V0D2 was found in stomach cancer specimens, whereas the expression was reduced in the specimens from patients with colon and renal cancer (Fig. 1) . The expression of ErbB3 was shown to be higher in colon, stomach and liver cancer specimens compared to the normal tissues, but a higher expression was observed in less than half of the renal cancer samples (Fig. 1 ). An increased expression of LOC553158 was found in the specimens from the colon and stomach cancer nests, but the expression decreased in the liver and renal cancer specimens (Fig. 1) . The expression of DMGDH was upregulated in the specimens from the colon cancer tissues, and the upregulated expression was observed in about half of the samples from the patients with stomach, liver and renal cancer (Fig. 1 ).
Discussion
For >30 years, it has been well known that cancer nests are acidified. However, thus far, few in vitro studies using acidic medium to develop cancer markers and medicines for cancer therapies have been performed. Our previous studies suggested that in vitro screening of compounds with anti-proliferation activity in an acidic medium was useful for developing anti-cancer drugs (11) . A >2-fold increase in expression was found in ~700 genes in mesothelioma cells as the medium was acidified (16) . Mesothelioma is one cancer that is hard to treat and remains asymptomatic even at a late stage.
In the present study, the expression of 8 genes with acidosis-induced expression in mesothelioma cells were examined in human specimens from various cancers and corresponding normal tissues. The expression varied in different tissues and showed a large variation among patients ( Fig. 1 ). There may be a possibility that the genes that are specific to acidosis are expressed in a normal tissue area close to cancer nests as such an area may be acidified even if it contains no cancer cells. However, it is difficult to measure the pH of normal tissues prior to surgery as it can change during surgery due to the limited supply of blood. Furthermore, the pH may vary in different areas of cancer nests. In particular, the areas far from blood vessels are strongly acidified as suggested previously (2) . Even though the data showed a wide variation, the present study produced several noteworthy results. IL-32, TNFRSF9, AREG, ErbB3, LOC553158 and DMGDH were expressed at a higher level than that of the normal areas in almost all the colon cancer patients. MnSOD, IL-32, ATP6V0D2, TNFRSF9 and LOC553158 were expressed at a higher level compared to the normal areas in almost all the patients with stomach cancer. Therefore, these genes may be candidate therapeutic or diagnostic marker targets for these cancers, and a combination use of these genes may be particularly useful for future treatment. In the liver cancer area, MnSOD and ErbB3 were expressed at a higher level, but the expression of other genes was different in various patients. The reason for these differences in expression change remains unclear. Liver cancer nests may only be slightly acidified due to the highly organized blood vessel network in the liver.
IL-32 is a notable cytokine. This cytokine has been indicated to have a role in immune responses (21) . The present data indicates that IL-32 is an interleukin that is specific to acidic conditions. As the mRNA level of IL-32 was high in mesothelioma cells cultured at acidic pH (2.6x10 5 copies/cell, calculated from the data shown in Table II ) and the numerous cancer nests measured in the present study ( Fig. 1) , this interleukin may be a predominant candidate for cancer diagnosis as indicated recently (22) . TNFRSF9 has been suggested to play significant roles in immune responses (23) . Our previous study demonstrated that the expression of TNFRSF9 is induced in mesothelioma cells cultured in acidic media (16) and numerous cancer specimens (Fig. 1 ). Immune cells have to infiltrate into cancer nests or inflammatory loci to rehabilitate damaged tissues. Since cancer and inflammatory areas are often acidified, IL-32 and TNFRSF9 may function under acidic conditions in various cells besides the immune cells.
The ErbB/HER family, HER1 (epidermal growth factor receptor), HER2 (ErbB2), HER3 (ErbB3), and HER4 (ErbB4), has been indicated to have a central role in a wide variety of growth factor-dependent cell responses (24) . This family has been shown to mediate differentiation in neuroblastoma (25) , and a high expression of ErbB3 was found in neuroblastic tumors (26) . High expression of ErbB3 was also found in various cancers, and ErbB3 has been identified as an attractive therapeutic target (27) . Taken together with the present data, it can be argued that the gene product of ErbB3 protects against cell death under acidic conditions. AREG was found to be expressed at high levels in colon and renal cancers, suggesting a role in carcinogenesis (28, 29) . To the best of our knowledge, this is the first study to report the expression of LOC553158 itself in cancer cells, but the upregulation of ARHGAP8 has been reported in cervical cancer (30) .
DMGDH is a mitochondrial enzyme that has a role in choline catabolism [NCBI data base (31) ]. No data concerning the role of DMGDH in carcinogenesis has been reported until the present study, and furthermore, no data to show the activation of the mitochondrial function in cancer cells has been reported. The present data indicate that choline catabolism may be activated in cancer areas or that DMGDH may mediate an unidentified metabolic process under acidic conditions besides choline catabolism.
The expression pattern of ATP6V0D2 in renal tissues was unique. High expression of this gene was detected in normal areas, whereas almost no expression was observed in the cancer areas of all the patients. Protons are extruded to urine (32) , and therefore, urine is often acidified. A high expression of ATP6V0D2 has been previously reported in normal renal tissues (33) . Therefore, it is quite possible that this gene is expressed in normal renal tissues to protect cells against external acidosis. The function to extrude protons may be diminished during carcinogenesis, resulting in the attenuation of this gene expression.
The genes with elevated expression levels in cancer specimens as compared to the surrounding normal tissues may be good candidates as novel targets and markers for cancer therapy. Particularly, a combination therapy may be more useful for the diagnosis of carcinogenesis and chemotherapeutics against cancer. The expression of 8 genes with high expression in cells cultured at an acidic pH were examined and it was found that the gene expression was elevated in human cancer tissues in the present study. Further studies of other acidosis-dependent gene expressions to promote the development of novel cancer markers and/or chemotherapeutic targets are warranted in future studies.
